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Abstract. Recent many-body approaches and results concerning the properties of few-
nucleon systems and complex nuclei, with particular emphasis to high momentum com-
ponents and short-range-correlations (SRC), are reviewed and a new approach to the one-
nucleon spectral function is presented. The latter is based upon the general and universal
properties of two-nucleon momentum distributions as they result from density matrices
obtained with realistic many-body ground-state wave functions. The universal features
of the momentum distributions are analyzed and shown to follow from a basic property
of the nuclear wave function, namely its factorized form at short inter-nucleon distances.
The SRC part of the many-body spectral function is expressed in terms of a convolution
integral involving ab-initio relative and center-of mass momentum distributions. The ob-
tained convolution spectral function of the three-nucleon systems, featuring both two-and
three-nucleon short-range correlations, perfectly agrees in a wide range of momentum
and removal energy with the ab-initio spectral function, whereas in the case of complex
nuclei the integral of the spectral functions (the momentum sum rule) reproduces with high
accuracy the high momentum part of the one-nucleon momentum distribution, obtained
independently from the Fourier transform of the non-diagonal one-body density matrix.
Thus, the obtained convolution spectral function for a given nucleus A appears to be a
realistic microscopic, parameter-free quantity governed by the features of the underlying
two-nucleon interactions.
1 Introduction
In this talk recent calculations of the momentum distributions and spectral func-
tions will be presented and discussed, with particular emphasis to the investi-
gation of short range correlations (SRC) and the universal character of the high-
momentum part of the nuclear wave function [1,2].
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2 The standard many body approach to nuclei: ab-initio and
variational calculations
In our analysis we follow the standard description of nuclei as systems com-
posed of point-like non relativistic nucleons interacting via realistic two-nucleon
(2N) interactions which explain the wealth of scattering phase shifts, as well as
via phenomenological three-nucleon interaction which are requested in order to
reproduce the experimental value of the bound three-nucleon system. Thus the
many-body problem reduces to the solution of the following non-trivial many-
body equation
H^Ψn =
− h¯2
2mN
∑
i
∇^2i +
∑
i<j
v^2(i, j) +
∑
i<j<k
v^3(i, j, k)
 Ψn = En Ψn, (1)
where Ψn ≡ Ψn(1 . . . A), i ≡ xi ≡ {σi,τi, ri},
∑A
i=1 ri = 0. The most advanced
form of realistic 2N interaction is the one of the Argonne family [3]
v^2(i, j) =
18∑
n=1
v(n)(rij) O^(n)ij , (2)
with
O^(n)ij =
[
1 , σi · σj , S^ij , (S · L)ij , L2 , L2σi · σj , (S · L)2ij , ..
]
⊗ [1 , τi · τj] (3)
where σi and τi are Pauli matrices acting in spin and isospin space, respectively,
and the most relevant components of (2) are the first six ones. Eq. (1) can be solved
exactly (ab-initio) only in the case of the A ≤ 4, whereas for complex nuclei only
variational solutions are available, obtained by finding the ground-state wave
function Ψ0 which minimizes the expectation value of the Hamiltonian, i.e.
〈 H^ 〉 = 〈ψo | H^ | 〉ψo〈ψo |ψo〉 ≥ Eo. (4)
To-date, three main approaches are pursued to solve the variational problem,
namely
1. the variational Monte Carlo (VMC) approach [4], based upon a variational
wave function of the type
|ΨV〉 =
(
1+
∑
i<j<k
Uijk
)[
S^
∏
i<j
(
1+U2−6ij
)][
1+
∑
i<j
U7−8ij
][∏
i<j
fc(rij)
]
|ΦMF〉
(5)
where Uijk and Unij are, respectively, 3N and 2N correlation functions (the
latter has a spin- isospin dependence corresponding to the different compo-
nents of the 2N interaction (Eq. (2 ))), fc(rij) is a central correlation function,
|ΦMF > is a mean-field wave function and, eventually, S^ is a symmetriza-
tion operator; with the above general choice of variational function < H^ > is
calculated exactly by Monte Carlo numerical integration; the VMC could be
applied up to now for nuclei with A ≤ 12, for which one- and two-nucleon
momentum distributions have also been obtained;
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2. the cluster variational Monte Carlo (CVCM) [5] which also uses the same
wave function as the VMC one, but whereas the integrals involving central
correlations are calculated exactly by numerical integrations, the integrals in-
volving non central correlations are evaluated by proper cluster expansions;
recently the results for the ground state properties of A = 16 and A = 40,
including the one-nucleon momentum distribution, have been released [6];
3. the Fermi Hypernetted Chain (FHNC) method [7,8] and various kinds of
linked cluster expansion methods [9–12]; in particular, we have used the so
called normalization conserving linked cluster expansion (NCLCE), derived
in Ref. [10] and applied for the first time in Ref. [12] with a variational wave
function of the type
|ΨV〉 =
[
S^
∏
i<j
(
1+U2−6ij
)][∏
i<j
fc(rij)
]
|ΦMF〉 (6)
and realistic NN interactions of the Argonne family; it can be seen that the
variational wave function of the NCLCE is not as rich as the one used in
VMC and CVMC, but we will show that it nonetheless produces, with much
less computational efforts, very reasonable and satisfactory results; within
the NCLCE the variational problem has been solved and the one- and two-
nucleon momentum distributions and spectral functions for iso-scalar nuclei
with A ≤ 40 have been obtained [13–18].
In what follows we will briefly discuss the essential points concerning the NCLCE
used in our approach. To this aim, consider a generic central operator A^, so that
< A^ >= 〈Ψ|A^|Ψ〉〈Ψ|Ψ〉 =
〈ΦMF|∏ fc(rij)A^∏ fc(rij)|ΦMF〉
〈ΦMF|∏ fc(rij)2|ΦMF〉 . (7)
In this equation the numerator and the denominator contains both linked and
unlinked contributions. The latter make the expectation value to diverge with
increasing number of particles, a fact which is known even from the theory of
quantum fluids [11]. However, by writing
fc(rij)
2 = 1+ η(rij) (8)
and expanding the denominator by using [1+η]−1 = 1−η+η2−· · · , the unlinked
terms in the numerator exactly cancel out the ones arising from the denominator
and a convergent series expansion, containing only linked terms, is obtained in
the form
〈A^〉 = 〈A^〉MFo + 〈A^〉1 + 〈A^〉2 + · · ·+ 〈A^〉n + · · · , (9)
where the subscripts denote the number of η(rij) appearing in the given term,
with the first term of the expansion representing the MF uncorrelated contribu-
tion; the main feature of the expansion can be readily explained in the case of the
correlated nuclear density: when the latter is integrated to obtain the number of
nucleons, all correlation terms exactly cancel out and the normalization is simply
given by the MF term, i.e. the expansion is normalization conserving. To sum up,
30 C. Ciofi degli Atti, H. Morita
one of the main aspects of any convergent cluster expansion is to get rid of the
explicit presence of the denominator.
All of the three described approaches are genuine realistic many-body approaches,
in that the wave function results from the minimization of the expectation value
of the Hamiltonian containing realistic NN interactions.
3 Comparison of CVMC and NCLCE in coordinate space
In this Section the results of the three methods are briefly compared.
3.1 The binding energy and rms radius of 16O
Table 1. The comparison of the binding energy and rms radii of 16O obtained by the
NCLCE [12] and CVMC [6]
Approach Mean Field Potential (E/A) (E/A)exp 〈r2〉1/2 (〈r2〉1/2)exp
NCLCE WS AV8’ −4.4 −7.98 2.64 2.69
CVMC WS AV18 −5.5 2.54
CVMC WS AV18+UIX −5.15 2.74
The values of the calculated binding energy and rms radius of 16O are listed in Ta-
ble 1, which shows that similar results between NCLCE and CVMC are obtained.
The CVMC results suggest some repulsive effects by the 3N interaction. Even if
the latter is not taken into account in our calculations, it will not quantitatively
affect the high momentum content of the nuclear wave function as we shall see
in the following.
3.2 The operator two-body densities
The two-body densities associated to the first six components of the NN interac-
tion (Eq. (3)) are shown in Fig. 1 which clearly shows the similarity of the results
by the two approaches.
4 Universality of SRC in coordinate space: the correlation
hole and the spin-isospin content of the ground-state wave
function
4.1 The two-body densities ρ(2) in few-nucleon systems and complex nuclei
The correlation hole is the strong reduction at r = |r1 − r2| < 1.0 fm of the re-
alistic 2N density distribution with respect to the mean-field predictions. It can
be seen from Fig. 2 that, apart from a normalization factor, the correlation hole is
universal (A-independent) and similar to the hole in the deuteron density.
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Fig. 1. The two-body densities corresponding to the first six components of the AV18 in-
teraction. Top: Ref. [12]; Bottom: Ref. [6].
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Fig. 2. The calculated two-body densities in various nuclei showing the universal correla-
tion hole in the region r = |r1 − r2| ≤ 1 fm. Left: after Ref. [20]; Right: ref. [19]
4.2 On the effects of 3N interaction on the two-body operator densities
As illustrated in Fig. 3, 3N interaction does not practically affect the correlation
hole.
4.3 The spin-isospin content of the nuclear wave function
Two nucleon systems in nuclei have to satisfy Pauli principle: L+ S+ T − odd.
In Table 2 the number of NN pairs in various spin-isospin (ST) are listed and a
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Fig. 3. The two-body densities of 16O and 40Ca from Ref. [6] including (AV18+UIX) and
omitting (AV18) the three-nucleon potential UIX. (After Ref. [6])
Table 2. The number of pairs NA(ST) in various spin-isospin states in the independent par-
ticle model (IPM) and taking into account SRC within many-body theories with realistic
interactions.(After Ref. [16])
(ST)
Nucleus (10) (01) (00) (11)
2H 1 - - -
3He
IPM 1.50 1.50 - -
SRC [16] 1.488 1.360 0.013 0.139
SRC [21] 1.50 1.350 0.01 0.14
SRC [20] 1.489 1.361 0.011 0.139
4He
IPM 3 3 - -
SRC [16] 2.99 2.57 0.01 0.43
SRC [21] 3.02 2.5 0.01 0.47
SRC [20] 2.992 2.572 0.08 0.428
16O
IPM 30 30 6 54
SRC [16] 29.8 27.5 6.075 56.7
SRC [21] 30.05 28.4 6.05 55.5
40Ca
IPM 165 165 45 405
SRC [16] 165.18 159.39 45.10 410.34
very good agreement between various many-body approaches can be noticed.
Moreover a large number of odd orbital momentum states are predicted to be
present in the ground state wave function, particularly in heavy nuclei.
5 SRC in momentum space
5.1 One-nucleon momentum distribution (1NMD)
The 1NMD is the Fourier transform of the 1N non diagonal density matrix
ρ(r1, r
′
1) =
∫
Ψ∗0(r1, r2 . . . , rA)Ψ0(r
′
1, r2 . . . , rA)
A∏
i=2
dri (10)
namely
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Fig. 4. The mean-field (ngr and n0) and SRC (nex and n1) contribution in the one-nucleon
momentum distribution of 4He and 16O (After Ref. [16])
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Fig. 5. The ST contributions to the one-nucleon momentum distribution of 4He and 16O
(After Ref. [16])
n(k1) =
∫
e−ik1·(r1−r
′
1)ρ(r1, r
′
1)dr1dr
′
1, (11)
which can be written as
n(k1) = nMF(k1) + nSRC(k1). (12)
Where the first term is the MF distribution renormalized by the spectroscopic
factors [22,8] and the second part describes SRC. The results for 4He and 16O are
shown in Fig. 4 whereas Fig. 5 shows the the ST contributions to the one-nucleon
momentum distribution.
5.2 Effects of 3N interaction on the 1NMD
It turns out, as shown in Fig. 6, that 3N interaction only slightly affects the high
momentum content of the ground state momentum distributions.
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Fig. 6. The effects of three-nucleon forces on the one-nucleon momentum distributions (Af-
ter Ref. [6])
5.3 The two-nucleon momentum distributions (2NMD)
By introducing the relative (rel) and center-of-mass (c.m.) momenta
krel =
1
2
(k1 − k2 ) Kc.m. = k1 + k2 (13)
the following two-nucleon momentum distributions can be introduced:
1. The total two-nucleon momentum distribution
n(k1,k2) = n(krel,Kc.m.) = n(krel, Kc.m., θ)
=
1
(2pi)6
∫
drdr′dRdR′e−iKc.m.(R−R
′)e−ikrel(r−r
′)ρ(2)(r,r′;R,R′)(14)
2. The back-to-back two-nucleon momentum distribution
n(krel,Kc.m. = 0) (15)
3. The relative two-nucleon momentum distribution
nrel(krel) =
∫
n(krel,Kc.m.)dKc.m. (16)
4. The c.m. momentum distribution
nc.m.(Kc.m.) =
∫
n(krel,Kc.m.)dkrel (17)
Ifn(krel, Kc.m., θ) is θ independent, it means thatn(krel,Kc.m.) =n(krel)n(Kc.m.)
i.e. the relative and c.m. motions factorize. Factorization has fundamental conse-
quences on the structure of the high momentum components in nuclei.
5.4 Comparison of the 1NMD calculated within CVMC and NCLCE
In Fig. 7 the 1NMD of 16O and 40Ca calculated within the NCLCE and CVMC
approaches are compared and a satisfactory agreement can be seen.
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Fig. 7. The one-nucleon momentum distributions of 16O and 40Ca from Ref. [6] compared
with the momentum distribution obtained in Ref. [12,16].
5.5 The proton-neutron and proton-proton momentum distributions
In Fig. 8 (left) we show the pn and pp 2NMD (Eq. (14)) for 4He, calculated vs
krel, in correspondence of several values of the c.m. momentum and two different
values of the angle θ. It can be seen that at high values of krel independence upon
the angle really occurs, which is evidence of factorization of the 2NMD. The same
trend is observed for complex nuclei. It can also be seen that, thanks to the effect
of the tensor force, the pn distribution are much larger than the pp ones; the
difference however is smaller in the integrated momentum distributions shown
in Fig. 8 (right), where a satisfactory agreement between NCLCE and VMC can
be seen.
6 Universality and factorization of the 2NMD
At large krel (≥ 2 fm−1) and small Kc.m. (≤ 1 fm−1) the 2NMD typically factor-
izes; in particular in the case of pn pairs one has
npnA (krel,Kc.m.) =⇒ npnA (krel, Kc.m.) ' CpnA nD(krel)npnc.m.(Kc.m.) (18)
where nD is the deuteron momentum distribution. By plotting the quantity
npnA (krel, Kc.m. = 0)
npnc.m.(Kc.m. = 0)nD(krel)
, (19)
the value ofCA can be obtained when the ratio becomes a constant. This is shown
in Fig. 9 and the obtained values of CA are listed in Table 3.
Moreover, if factorization holds one should have at krel > k−rel ' 2 fm−1
Rpn
fact/exact
≡ C
pn
A nD(krel)nc.m.(Kc.m.)
npnA (krel, Kcm, θ)
⇒ 1 (20)
which is indeed confirmed in Fig. 10, which represents another evidence of the
universality of SRC.
36 C. Ciofi degli Atti, H. Morita
10-8
10-6
10-4
10-2
100
0 1 2 3 4 5
10-8
10-6
10-4
10-2
100
 
 
  Kc.m. = 0.0
  Kc.m. = 0.5
  Kc.m. = 1.0
  Kc.m. = 1.5
(a) pn
 krel  [fm
-1]
(b) pp
 
 
np
N
(k
re
l,K
c.
m
.,
) [
fm
6 ]
4He
0 1 2 3 4 5
10-6
10-4
10-2
100
102
0 1 2 3 4 5
10-6
10-4
10-2
100
102
 
 
n
pN
(k
re
l) 
[f
m
3
]
 npn (NCLCE)
 npn (VMC)
 npp (NCLCE)
 npp (VMC)
4He
 
 
n
pN
(k
re
l) 
[f
m
3
]
k
rel
 [fm-1]
12C
Fig. 8. Left panel: the pn and pp two-body momentum distribution for A = 4 (after Ref.
[14]). Right panel: the pn and pp relative momentum distributions (Eq. (16)) in 4He and
12C calculated by the NCLCE (lines) [13] and the VMC (symbols) [4] (after Ref. [18]).
0 1 2 3 4 5
100
101
102
103
 Cpn3  (Ref. [11])
 Cpn4  (Ref. [11])
 
 
np
n A
(k
re
l,K
cm
=0
)/n
D
(k
re
l)n
cm
(K
cm
)
krel [fm
-1]
 Cpn3
 Cpn4  
 Cpn12
 Cpn16
 Cpn40
Fig. 9. The quantity given in Eq. (19). (After Ref. [13].)
In-medium nucleon dynamics at short range 37
Table 3. The values of the constantCpnA appearing in Eq. (18) extracted from Fig. 9, with er-
ror determined according to the following expression: CpnA =
(
(CpnA )
Max+(CpnA )
Min
)
/2±(
(CpnA )
Max−(CpnA )
Min
)
/2, where (CpnA )
Max and (CpnA )
Min are determined in the region of
krel ≥ 3.0fm−1. The values in brackets have been obtained using the VMC wave function
of Ref. [4]. (After Ref. [13])
2H 3He 4He 6Li 8Be 12C 16O 40Ca
1.0 2.0 ± 0.1 4.0 ± 0.1 – – 20 ± 1.6 24 ± 1.8 60 ± 4.0
1.0 (2.0 ± 0.1) (5.0± 0.1) (11.1 ± 1.3) (16.5 ± 1.5) (–) (–) (–)
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Fig. 10. The quantity Rpn
fact/exact
≡ CpnA nD(krel)nc.m.(Kc.m.)/npnA (krel, Kcm, θ). (After Ref.
[13].)
So far about pn pairs, but what about pp pairs? It turns out also the pp 2NMD
factorizes, exhibiting, moreover, a high degree of universality. This is illustrated
in Fig. 11 where it can be seen that the pp distributions for a nucleus A scale
indeed to the pp distributions in 4He.
To sum up, we would like to stress that the 2NMD exhibit, in a very clear way,
their universality character. It should be pointed out that the region of factoriza-
tion depends upon the value of Kc.m.. Indeed the factorization region starts at
values of the relative momentum krel given by
krel > k
−
rel(Kc.m.) ' C1 + C2ΦA(Kc.m.), (21)
C1 ' 1 fm−1 C2 ' 0.5 fm−1 ΦA = |Kc.m.|,
which is derived from the analysis of Fig 12 in the case of A = 4 and this is also
applicable for complex nuclei [18]. This dependence of the factorization region
upon the value of Kc.m. introduces a constraint in the derivation of the spectral
function, to be discussed in the next Section.
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7 Factorization and the convolution model of the one-nucleon
spectral function of few-nucleon systems and complex nuclei
The nucleon spectral function (SF) is one of the basic nuclear structure quantity
in the description e−A and ν−A scattering processes. It is defined as follows
PNA (k1, E) =
1
2J+ 1
∑
M,σ1
〈ΨJMA |a†k1σ1δ
(
E− (H^A − EA)
)
ak1σ1 |Ψ
JM
A 〉 (22)
=
1
(2J+ 1)
(2pi)−3
∑
M,σ1
∑∫
f
∣∣∣∣∫ dr1eik1·r1 GMσ1f (r1)∣∣∣∣2 δ (E− (EfA−1 − EA)) ,
GMσ1f (r1) = 〈χ1/2σ1 , ΨfA−1({x}A−1)|ΨJMA (r1, {x}A−1)〉. (23)
The integral of the SF over the removal energy E (the momentum sum rule) pro-
vides the nucleon momentum distribution
nNA(k1) =
∫
PNA (k1, E)dE. (24)
The SF can be represented in the following form
PNA (k1, E) = P
N
MF(k1, E) + P
N
SRC(k1, E), (25)
where PNMF represents the mean-field SF with occupied shell-model states α, be-
low the Fermi level, renormalized by the spectroscopic factors Zα < 1 [8,22], and
PNSRC is the correlated SF populating states above the Fermi levels
1. In particular
one has
PNMF(k1, E) =
1
(2pi)3(2J+ 1)
∑
M,σ,f≤F
∣∣∣∣∫ eik1·r1GMσf (r1) dr1∣∣∣∣2 δ(E− Ef), (26)
PNSRC(k1, E) =
1
(2pi)3(2J+ 1)
∑
M,σ,f>F
∣∣∣∣∫ eik1·r1GMσf (r1) dr1∣∣∣∣2 δ(E− Ef). (27)
1 Different notations are used by different authors, e.g.: PNA = P0+P1, P
N
A = Pgr+Pex, etc.
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Fig. 12. The pn and pp two-nucleon momentum distributions in 4He, npN(krel, Kc.m., θ),
obtained in Ref. [14] in correspondence of several values of Kc.m. and two values of the
angle θ between Kc.m. and krel (After Ref. [18]). The region of krel where the value of
npN(krel, Kc.m., θ) is independent of the angle determines the region of factorization of
the momentum distributions, i.e. npN(krel, Kc.m., θ) → npNrel(krel)npNc.m.(Kc.m.). It can be
seen that the region of factorization starts at values of krel = k−rel, which increases with
increasing values of Kc.m., i.e. k−rel = k
−
rel(Kc.m.); because of the dependence of k
−
rel upon
Kc.m., a constraint on the region of integration over Kc.m. arises from Eq. (21).
The exact relation between the one- and two-nucleon momentum distributions
(N1 6= N2)
nN1A (k1) =
1
A− 1
[∫
nN1N2A (k1,k2)dk2 + 2
∫
nN1N1A (k1,k2)dk2
]
(28)
becomes, in the factorization region, as follows
nSRCA (k1) =
[∫
nN1N2rel (|k1 −
Kc.m.
2
|)nN1N2c.m. (Kc.m.)dKc.m.
+ 2
∫
nN1N1rel (|k1 −
Kc.m.
2
|)nN1N1c.m. (Kc.m.)dKc.m.
]
≡ nn1ex (k1), (29)
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so that the correlated part of the nucleon spectral function is
PN1SRC(k1, E) =
∑
N2=p,n
CN1N2
∫
nN1N2rel (|k1 −
Kc.m.
2
|)nN1N2c.m. (Kc.m.)dKc.m.
× δ
(
E− Ethr −
A− 2
2mN(A− 1)
[
k1 −
(A− 1)Kc.m.
A− 2
]2)
, (30)
where CN1=N2 = 2, CN1 6=N2 = 1. This is the convolution formula of the SF. It
should be remembered that a similar convolution formula has been previously
obtained in Ref. [26], and frequently applied over the years to the description of
various kind of processes. However it should also be stressed that the model of
Ref. [26]: (i) is based upon the phenomenological relative and c.m. distributions
for pn and pp pairs, since in 1996 the realistic pn and ppmomentum distributions
were unknown; (ii) for the same reason the constraint on the values of Kc.m. im-
posed by the variation of the factorization region with increasing values of Kc.m.,
was not taken into account. For these reasons it appears to be important to calcu-
late the convolution SF using realistic many-body relative and c.m. distributions
and taking into account the constraint on Kc.m.; Using a realistic c.m. momentum
distribution (having both low and high momentum components) one can also in-
vestigate the effects of both 2N and 3N SRC which has been recently done in the
case of 3He [17].
7.1 The convolution SF of 3He
There exist in the literature various ab initio calculations of the SF of the three-
nucleon system[23]; we will use in what follows the most recent ones obtained
with the AV18 interaction [24]. The convolution neutron and proton spectral func-
tions are as follows:
PnSRC(k1, E) =∫
nnprel(|k1 −
Kc.m.
2
|)nnpc.m.(Kc.m.) dKc.m.δ
(
E− Ethr −
1
4mN
[k1 − 2Kc.m.]
2
)
,
PpSRC(k1, E) = P
n
SRC(k1, E) +
2
∫
npprel(|k1 −
Kc.m.
2
|)nppc.m.(Kc.m.)dKc.m.δ
(
E− Ethr −
1
4mN
[k1 − 2Kc.m.]
2
)
In Fig. 13 the (parameter-free) convolution formula is compared with the ab-initio
one and a very satisfactory agreement is found, except at very high removal en-
ergies, a region which is anyway difficult to reach experimentally.
7.2 The convolution SF of 4He and complex nuclei
In Fig. 14 we show the convolution spectral function of 4He and complex nuclei
with the separate contributions of pn and pp SRC. Finally in Fig. 15 we compare
the microscopic convolution formula with the results of Ref. [26]. It can be seen
that the results obtained in 1996 are to a large extent confirmed by the present
calculations.
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Fig. 13. The neutron and proton spectral function of 3He calculated within the convolution
formula compared with the ab-initio spectral function. [17,18]
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Fig. 14. The spectral function of 4He, 12C, 16O and 40Ca obtained by the convolution for-
mula showing the contributions from pn and pp SRC (After Ref. [18]).
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7.3 The momentum sum rule
In Fig. 16 we show the results of the calculation of the momentum sum rule
(Eq.(24)) It can be seen that the convolution formula does fully satisfy the mo-
mentum sum rule.
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Fig. 16. The SRC Momentum sum rule nSRC(k) ≡ n1(k) =
∫∞
0
P(k, E∗)dE∗ in 4He and
16O. The full line represents the total momentum distribution shown in Ref. [16] with the
dashed and dot-dashed curves corresponding to the mean-field and SRC contributions,
respectively. The full dots represent the the SRC momentum distribution obtained by inte-
grating the the SRC convolution SF. It can be seen that the momentum sum rule is exactly
satisfied by the convolution formula. (After Ref. [18])
7.4 About the convergence of the momentum sum rule
In Fig.17 we show the quantity
nE+(k) =
∫E+
0
PSRC(k, E)dE (31)
This figure, in agreement with Fig. 13 of Ref. [26], illustrates that in order to obtain
the momentum distributions at high value of the momentum high values of the
removal energies have to be considered.
8 The origin of factorization of momentum distributions
The factorized structure of two nucleon momentum distributions results from a
general property of the nuclear many-body wave function, namely its factorized
form at short internucleon distances [26,25], namely
lim
rij→0Ψ0({r}A) ' (32)
A^
{
χo(Rij)
∑
n,fA−2
ao,n,fA−2
[
Φn(xij, rij)⊕ ΨfA−2({x}A−2, {r}A−2)
]}
.
Factorized wave functions have been introduced in the past as physically sound
approximations of the unknown nuclear wave function (see e.g. [27]), without
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however providing any evidence of the validity of such an approximation due
to the lack, at that time, of realistic solutions of the nuclear many-body problem.
These however became recently available and the validity of the factorization ap-
proximation could be quantitatively checked. Indeed the factorization property
of realistic many-body wave functions has been proved to hold in the case of ab
initio wave functions of few-nucleon systems [28], complex nuclei [13] and nu-
clear matter [29].
9 Summary and conclusions
• A canonical many-body variational approach has been followed: 1. the 2N
interaction (Argonne family) and the general form of the many-body wave
function ΨA embodying central, spin,isospin, tensor etc have been chosen; 2.
the minimization of < ΨA|H^|ΨA >< ΨA|ΨA >−1 has been performed and the
parameters entering the wave function were determined; 3. the one, nA(k1)
and two, nNNA (krel, Kc.m., θ), momentum distributions, free of any adjustable
parameter, have been calculated.
• The one-nucleon momentum distribution at k > kF shows high momen-
tum contents which cannot be reconciled with Hartree-Fock or Brueckner-
Hartree-Fock type descriptions of nuclei;
• It is demonstrated that, starting from a certain value of the relative momen-
tum (depending upon the value of the c.m. momentum), the two-nucleon mo-
mentum distributions factorizes, i. e. obeys the relation nN1N2A (krel, Kc.m., θ)
' nN1N2rel (krel)nN1N2c.m. (Kc.m.) and the region of factorizations and the explicit
form of nN1N2rel (krel) and n
N1N2
c.m. (Kc.m.) have been obtained;
• The two-nucleon momentum distributions in the SRC region exhibits univer-
sality, i.e., apart from a scaling factor, they are A independent; in case of pn
pairs their krel behavior is governed by the deuteron momentum distribution
and their amplitude by the c.m. momentum distribution of the pair; as for the
pp distributions their krel dependence in a complex nucleus is governed by
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the pp momentum distribution in 4He and their amplitude, as in the case of
pn pairs, by the c.m. distribution.
• Using the above properties a model-independent parameter-free, fully micro-
scopic spectral function has been obtained.
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